This article is a brief review of Zeeman spin-orbit coupling, arising in a low-carrier commensurate Néel antiferromagnet subject to magnetic field. The field tends to lift the degeneracy of the electron spectrum. However, a hidden symmetry protects double degeneracy of Bloch eigenstates at special momenta in the Brillouin zone.
I. INTRODUCTION
Spin-orbit coupling, the central character of this Special Issue, appears in non-relativistic quantum mechanics as only a vestige of relativity, in the form of the Pauli term H P in the Schrödinger Hamiltonian
where is the Planck constant, c the speed of light, m 0 is the free electron mass, p is the electron momentum, σ its spin, and V (r) its potential energy as a function of the electron coordinate r. In the low-energy expansion, the H P arrives as a second-order term in the expansion in weak coupling constant α = e 2 / c ≈ 1/137. In this sense, spin-orbit coupling is indeed small.
Yet in solids, spin-orbit coupling is responsible for a variety of fundamental phenomena. In magnets, it may induce magnetocrystalline anisotropy, whereby spontaneous magnetization acquires a preferred set of directions with respect to the crystal axes. 2, 3 In antiferromagnets, spin-orbit coupling may give rise to "weak" ferromagnetism. 2, [4] [5] [6] In transition metal compounds, coupling of spin, orbital and structural degrees of freedom leads to a multitude of unusual phases. 7 In Mott insulators, spin-orbit coupling may produce interesting effects such as realization of an effective Heisenberg-Kitaev model. 8 Last but not the least, in an innocuous band insulator spin-orbit coupling may bring to life topologically non-trivial electron states, that have been a subject of much attention.
9,10
In all of these cases, spin-orbit coupling is intrinsic: it acts in the absence of any external perturbation applied to the crystal. By contrast, the present article is devoted to the Zeeman spin-orbit coupling, that may appear in a low-carrier Néel antiferromagnet, subject to magnetic field. Zeeman spin-orbit coupling is thus a particular example of the Zeeman effect. At the same time, it entangles orbital motion of an electron with its spin, and hence represents a true spin-orbit coupling. Zeeman spin-orbit coupling is proportional to the applied magnetic field, and thus is inherently tunable. This distinguishes it from intrinsic spin-orbit coupling, that acts in the absence of any external field, and that most articles in this Topical Issue focus on.
By virtue of the Zeeman spin-orbit coupling, magnetic field splits a single doublydegenerate electron band into two bands that are non-degenerate almost everywhere in the Brillouin zone. While this is indeed just a form of the Zeeman effect, there is also a simi-the p * and −Up * = p * + Q are one and the same momentum -which, therefore, hosts two degenerate orthogonal eigenstates. This can be most simply illustrated in one dimension, where U is the identity, and p * = 0 (the Γ-point) and p * = ±π are the only such special momenta. At all other momenta, the eigenstates are non-degenerate, as shown in the central panel of the Fig. 1 .
Attentive reader will instantly recognize that these special momenta p * are nothing but the "time reversal-invariant momenta" (TRIM), that have played crucial role in the analysis of topological insulators. 14 However, the role TRIM may play in the appearance of spectral degeneracies was appreciated long before the advent of topological electron systems.
15-17
If, in addition to time reversal, the crystal is symmetric with respect to inversion I, then
Bloch eigenstates are doubly degenerate in the entire Brillouin zone: at any momentum p, the states |p and Iθ|p reside at the very same momentum p and are orthogonal. 18 Put otherwise, if the crystal is symmetric with respect to both the time reversal θ and inversion a similar yet weaker effect: the double degeneracy at a given momentum is lifted everywhere except for those special momenta, that are equal to their opposite in the Brillouin zone. At the same time, a Bloch eigenstate |p at an arbitrary momentum p still has a degenerate orthogonal partner θ|p at momentum −p.
These simple arguments show that, in a non-magnetic crystal, it is the inversion asymmetry that lifts the double degeneracy of a given electron band almost everywhere in the Brillouin zone. The effect can be encapsulated in an intrinsic spin-orbit coupling term H SO of the form
ℐθ p〉 ℐ p〉 θ p〉
FIG. 1. (color online)
. Typical electron spectra ε(p) in a one-dimensional non-magnetic crystal.
Left panel: Only the inversion symmetry I is present, but no time reversal θ. A Bloch eigenstate |p at momentum p is degenerate with its partner state I|p at momentum −p, the two states denoted by black dots. Central panel: Only the time reversal symmetry θ is present, but no inversion symmetry. A Bloch eigenstate |p at momentum p is degenerate with its partner state θ|p at momentum −p, the two states denoted by black dots. The only two symmetry-protected degeneracies at a given momentum, also marked by black dots, reside at p = 0 and p = ±π. Right panel: Both the θ and I are symmetries. In this case, the two degenerate orthogonal states |p and θI|p at an arbitrary momentum p form a quartet with their degenerate partner states I|p and θ|p at momentum −p.
where d p is a real pseudovector, that is an odd function of momentum p, and σ is the electron spin. Depending on the crystal structure and chemical composition, spin-orbit coupling may take a multitude of forms, whose review would go far beyond the subject of the present article. A concise analysis of symmetry properties of spin-orbit coupling can be found in Refs. 20, 21 . An early example of such a coupling was introduced by E. I. Rashba. reduces to
where α R is a material-specific constant, p and σ are the electron momentum and spin operators, andn is the normal to the interface. evaluation of spin-orbit coupling parameters such as α R from first principles is a problem in its own right, as is extracting α R from experimental data. 24, 25, 27, 28 In most materials of experimental interest, the ratio α R /c (c being the speed of light) falls in the range α R /c ∼ 10
The example of Rashba coupling will prove useful below, as a reference point for the strength of the Zeeman spin-orbit coupling. In the following, M(r) will be treated as static; both thermal and quantum fluctuations of magnetic order are thus entirely neglected. This will restrict us to the bulk of the antiferromagnetic phase, far from any phase transition, thermal or quantum. In particular, this requires temperatures far below both the Néel temperature and the electron bandwidth. In practice, this also implies the ordered moment, noticeable on the scale of the Bohr magneton.
III. SPECTRAL SYMMETRIES OF
Some of potentially relevant materials were discussed in the Ref. 12 .
First, it is helpful to understand the spectral degeneracies of such a magnet in zero field, and there is a perfect analogy here with what happens in a non-magnetic crystal, whose spectral symmetries were recapitulated in the Subsection II.a. The local magnetization density M(r) couples to the electron spin σ via the Néel exchange coupling
where the ∆ r is proportional to M(r) and thus inherits its transformation properties: ∆ r changes sign upon lattice translation T a as well as upon time reversal θ. Thus, while neither T a nor θ is a symmetry of the Néel state, their product θT a is indeed a symmetry.
In the presence of inversion symmetry, action of I and of θT a on an exact Bloch eigenstate |p at an arbitrary momentum p generates a quartet of mutually orthogonal degenerate eigenstates: the doublet of |p and IθT a |p at momentum p, and the doublet of I|p and θT a |p at −p, as shown in the left panel of Fig. 3 . Notice the analogy with the quartet of mutually orthogonal degenerate eigenstates in a centrosymmetric non-magnetic crystal, with a doublet of |p and Iθ|p at momentum p and the doublet of I|p and θ|p at −p.
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In a non-centrosymmetric antiferromagnetic crystal, there is no single universal symmetry to protect a degeneracy of Bloch eigenstates at an arbitrary momentum. Moreover, in an antiferromagnet, the Kramers orthogonality relation p|θ|p = − p|θ|p for a non-magnetic crystal is replaced by a less stringent condition
for the scalar product of a given Bloch eigenstate |p at momentum p and its symmetry partner θT a |p at momentum −p. The momenta p such that p = −p + Q (where Q is an antiferromagnetic reciprocal lattice vector) now fall into two classes. 30, 31 The first class are those p, where e −2ip·a = 1 (such as the relevant points at the non-magnetic Brillouin zone boundary, and the point Γ at the center of the Brillouin zone); they host a doublet of degenerate states. By contrast, for those p, where e −2ip·a = −1, the θT a protects no degeneracy.
Up to the distinction outlined in the preceding paragraph, the analogy between a collinear commensurate Néel antiferromagnet and a paramagnet is complete. In a centrosymmetric material, all bands are doubly degenerate at all momenta in the Brillouin zone, be it an antiferromagnet or a non-magnetic crystal. In the absence of inversion symmetry, the electron bands are non-degenerate, with the exception of special momenta in the Brillouin zone, where the time reversal θ (in a paramagnet) or θT a (in an antiferromagnet) protect a double degeneracy. Near such a momentum, the two split sub-bands can be described by an effective
Hamiltonian with an intrinsic spin-orbit coupling term (2) with d p = 0 at the degeneracy point.
Described above, symmetry-protected degeneracies in a commensurate Néel antiferromagnet were understood over half a century ago. 32 However, symmetry in the presence of magnetic field was not explored until much later.
B. Collinear centrosymmetric Néel antiferromagnet in magnetic field
A fundamental difference between a non-magnetic crystal and an antiferromagnet resides in how the double degeneracy of Bloch eigenstates at a given momentum is lifted by magnetic field. In a non-magnetic crystal, the Zeeman term H Z = (H · σ) tends to lift the double degeneracy everywhere in the Brillouin zone. In the presence of inversion symmetry, this is illustrated in the leftmost panel of the Fig. 1 .
In an antiferromagnet, the situation is more interesting. Here, the field is applied to a system that already has a preferred direction, defined by the staggered exchange field ∆ r .
Thus, the lifting of the double degeneracy by magnetic field H may be sensitive to how H 
(color online). Two points in space, r and r + a, separated by half a period a of the Néel order -and the exchange field ∆ r and ∆ r+a at these two points, upon applying magnetic field H transversely to the initial direction n of the staggered magnetization. The figure also shows how the exchange field changes upon various transformations, such as (i) U n (π) -spin rotation by π around n, (ii) θU n (π) -combination of U n (π) with time reversal θ, and (iii) θU n (π) combined with translation T a . To simplify notations, the transformations are shown as if they were applied directly to ∆ r rather than to ∆ r · σ. Notice that, in a finite transverse field H, the triple product θT a U n (π) is a symmetry of the tilted Néel state.
As we saw above, in zero field the Néel exchange term H N = ∆ r · σ was symmetric under θT a . Due to collinearity of ∆ r , the H N was also symmetric under spin rotation U n (φ)
around the Néel axis n by an arbitrary angle φ. The U n (φ) is thus a symmetry of the zero-field Hamiltonian -but only in the absence of spin-orbit coupling H SO = d p · σ, since the latter obviously varies under U n (φ) due to non-collinearity of the d p . So, both U n (φ) and θT a are symmetries of the longitudinal part ∆ r · σ of the exchange term. Yet, both of these symmetries are broken by the Zeeman term H Z = (H · σ) and by the field-induced term ∆ ⊥ r · σ, since both change sign under θT a . Remarkably, this can be undone by a single uniform rotation U n (π), a symmetry of the zero-field state. 33 As a result, the combination θT a U n (π) is a symmetry of the Néel state in a finite transverse field. Its action on a Bloch eigenstate |p produces a degenerate partner eigenstate at momentum −p.
Does this symmetry lead to a degeneracy at a given momentum? It does. Anti-unitarity of θT a U n (π) leads to an analogue of the Kramers orthogonality relation 11, 12 p|θT a U n (π)|p = e −2ip·a p|θT a U n (π)|p (5) between the Bloch eigenstate |p at momentum p and its symmetry partner state at −p. In a one-dimensional doubly-commensurate antiferromagnet, the degeneracy is guaranteed at p * = ±π/2, as illustrated in the Fig. 3 . 
C. Néel insulator with intrinsic spin-orbit coupling
The arguments above demonstrated how, at a special set of momenta in the Brillouin zone, symmetry protects double degeneracy of the electron spectrum in a centrosymmetric Néel antiferromagnet, subject to a finite transverse magnetic field. However, these arguments tacitly implied both the Néel order and the electron spin to be decoupled from the underlying crystal lattice. In other words, the intrinsic spin-orbit coupling H SO of the Eq. (2) was neglected altogether.
Indeed, as a (formally) small relativistic correction, the H SO may often be ignored. At the same time, the opposite limit of a significant spin-orbit coupling is of considerable interest:
firstly, intrinsic spin-orbit coupling grows rapidly with the atomic number Z. In many antiferromagnets, this alone may rule out the possibility of neglecting H SO . Secondly, spinorbit coupling plays a key role in topological properties of condensed matter and, recently, a body of work has been devoted to topological properties of antiferromagnetic insulatorssee Ref. 35 and the subsequent work by several groups of authors.
Topologically non-trivial electron properties are intimately related to degeneracies in the electron spectrum. In a Néel antiferromagnet without intrinsic spin-orbit coupling, such degeneracies are symmetry-protected even in a finite transverse magnetic field 11, 12 . But could symmetry-protected degeneracies be present in an antiferromagnet with substantial intrinsic spin-orbit coupling?
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At first sight, this is unlikely. As we saw in Subsections II.a and III.a, intrinsic spin-orbit coupling tends to lift the spectral degeneracy everywhere, except for a special set of points in the Brillouin zone. It seems that magnetic field could only lift any remaining degeneracy.
Yet, this is not necessarily the case, as shown below.
To advance further, we must analyze the symmetries of a Hamiltonian that involves, in addition to a common "non-magnetic" part, three key terms. Firstly, as outlined above, antiferromagnetic order couples to the electron spin σ via the Néel exchange coupling H N = ∆ r · σ with collinear field ∆ r , such that ∆ r+a = −∆ r . Secondly, an intrinsic spin-orbit coupling of the form H SO = (d p · σ) involves the field d p that is, generally, non-collinear, and transforms as a vector representation of the crystal point group. Finally, magnetic field H gives rise to the Zeeman term H Z = (H · σ).
Without magnetic field, the double degeneracy at a given momentum is protected by the very same symmetry θT a as in an antiferromagnet without intrinsic spin-orbit coupling: the This simple picture changes once magnetic field is turned on. The reason can be traced back to a Néel antiferromagnet without intrinsic spin-orbit coupling, where Kramers degeneracy in a transverse magnetic field hinges on the combined symmetry θT a U n (π), with U n (π) being the spin rotation by π around the unit vector n of the Néel magnetization.
Generally, intrinsic spin-orbit coupling
alone U n (φ) with an arbitrary rotation angle φ. Thus, with the H SO present, θT a U n (π) is no longer a symmetry of the problem.
To begin with, in the presence of H SO we must specify the orientation of the collinear field . Now, what happens in a field H ⊥ , transverse with respect to n? Without H BHZ SO , the product θT a U n (π) was a symmetry in such a transverse field. The H SO is symmetric under both the θ and T a , but not under U n (φ): as we saw in the previous paragraph, to make a symmetry, U n (φ) had to be combined with the orbital rotation R n (−φ) around the same axis. As a result, a generic Hamiltonian, involving the H 
, and the symmetry θT a U n (π)R n (π) induces no degeneracy. 38 In two dimensions, a ⊥ n is the only possibility. Thus, in a two-dimensional Néel antiferromagnet with intrinsic spin-orbit coupling, transverse magnetic field lifts the Kramers degeneracy.
In three dimensions, the a and n may be parallel; then T a commutes with R n (π), and
. Also, in contrast to the case a ⊥ n, for a n the state θT a U n (π)R n (π)|p resides at the momentum −p. 39 In the antiferromagnetic Brillouin zone, the momentum planes p · a = ±π/2 are equivalent, and for such momenta [θT a U n (π)R n (π)] 2 = T 2a = e iπ = −1. Thus, at such momenta, the symmetry θT a U n (π)R n (π) protects double degeneracy in a transverse magnetic field. This is illustrated in the 
IV. ZEEMAN SPIN-ORBIT COUPLING
The arguments of the preceding section have demonstrated a rather peculiar phenomenon:
in a commensurate Néel antiferromagnet subject to transverse magnetic field, Bloch eigenstates remain doubly degenerate at a set of special momenta in the Brillouin zone. This degeneracy is protected by symmetry even in a finite field -and, therefore, holds to any order in the field.
A fundamental consequence of this degeneracy appears already in the first order in the field, that is in the form of the effective Zeeman term H ef f Z . By its very nature, antiferromagnet has a special direction, set by the staggered magnetization. Of course, other special directions may exist -defined, for instance, by the crystal structure, but I will first describe the limit where there are none, that is in the absence of any intrinsic spin-orbit coupling.
In the latter case, the only anisotropy of H ef f Z is set by the orientation of the magnetic field H relative to the unit vector n of the staggered magnetization:
Here, µ B is the Bohr magneton, the H ≡ n(H · n) and H ⊥ ≡ H − H are the longitudinal and transverse components of the field with respect to the unit vector n of the staggered magnetization, and the g and g ⊥ are the longitudinal and transverse g-factors, respectively. Now, in a transverse field, double degeneracy of Bloch eigenstates at certain special momenta p = p * in the Brillouin zone means that the g ⊥ must vanish at such momenta. Not being identically equal to zero, the g ⊥ must, therefore, substantially depend on momentum p, and the H ef f Z shall be re-written as
Momentum dependence of the second term in the r.h.s. above, along with the presence of electron spin σ, turns the textbook Zeeman term into a veritable spin-orbit coupling that is the subject of the present article.
The g is a constant, while general properties of the g ⊥ (p) are as follows. 12 In the absence of intrinsic spin-orbit coupling, the g ⊥ (p) vanishes on a manifold, defined by the equation For the Rashba coupling, the coefficient is given by the α R . For an elemental material with atomic number Z, the naïve order-of-magnitude estimate of the Section II.b gave
2 . Relative to the speed of light c, this yields α R /c ∼ 1 137
In practice, α R /c ∼ 10
By contrast, the Zeeman spin-orbit coefficient relative to c is given by α ZSO /c ∼ 
The degenerate band minimum splits into two identical non-degenerate minima, shifted with respect to each other in momentum space: What is the leading term in the momentum expansion of the Zeeman spin-orbit coupling g ⊥ (p)(H ⊥ · σ) around the degeneracy planes p z = ±π/2, in the presence of an intrinsic spin-orbit coupling, described in the Subsection III.c? The symmetry of g ⊥ (p)(H ⊥ · σ) must match that of the Hamiltonian. In particular, it must be invariant under θT a U n (π)R n (π).
is Hermitian, a linear term in p z with an imaginary coefficient is forbidden. The leading term allowed is thus H ef f
V. EXPERIMENTAL MANIFESTATIONS
Zeeman spin-orbit coupling may manifest itself in a number of ways, that all stem from field-induced entanglement of the electron spin with its orbital motion. As a result, the Landau level spectrum and its Zeeman splitting acquire an unusual dependence on the field orientation 42-44 that, in turn, has a number of experimental consequences.
A. Magnetic quantum oscillations as a diagnostic tool
One such consequence is that, in a purely transverse field, Landau levels undergo no
Zeeman splitting [42] [43] [44] -if the carrier pocket is centered at a symmetry-protected degeneracy point such as those shown in the Fig. 6 . The term 'electric-dipole resonance' implies that the resonance arises from a dipole term eE · r in the Hamiltonian, where E is the external electric field, and r is the displacement.
The resonance matrix elements are thus determined by the characteristic scale of r. Last but not the least, Zeeman electric-dipole resonance absorption shows a non-trivial dependence on the orientation of the AC electric field with respect to the crystal axes, and on the orientation of the DC magnetic field with respect to the staggered magnetization.
VI. SUMMARY AND OUTLOOK
As argued above, Zeeman spin-orbit coupling in a Néel antiferromagnet is induced by magnetic field and arises due to a hidden symmetry, that protects double degeneracy of electron eigenstates at special momenta in the Brillouin zone. These special momenta form a degeneracy manifold, whose dimensionality is reduced against that of the Brillouin zone.
Limited to special momenta, the degeneracy means that the transverse g-factor acquires a substantial momentum dependence which is, however, limited to a relatively small part of the Brillouin zone. Therefore, observation of Zeeman spin-orbit coupling requires that carriers be limited to this small part of the Brillouin zone. Which, in turn, suggests lowcarrier antiferromagnetic conductors as a likely system with Zeeman spin-orbit coupling. An extended discussion of relevant materials and experimental constraints may be found in the Refs. 12, 44 .
A. Zeeman spin-orbit coupling in semiconducting quantum wells
To gain a better perspective, it is instructive to look for Zeeman spin-orbit coupling in materials other than antiferromagnets. A welcome example is provided by III-V direct band gap semiconductors of zinc-blende structure, such as GaAs and InAs. Before turning to details, let us recall that, in the simplest case of well-separated conduction and valence bands, it is the intrinsic spin-orbit coupling that may render the g-tensor momentum-dependent.
In a centrosymmetric system, spin-orbit coupling has no intraband matrix elements 20, 21 , and thus the corrections it induces to the g-tensor are small at least in the measure of ∆ SO /E 0 1, where ∆ SO is the interband matrix element of the intrinsic spin-orbit coupling, and E 0 is the band gap. 46 The same small ratio limits the relative variation of the g-tensor across the Brillouin zone.
This picture becomes more involved for touching bands, and also if other bands are present nearby, which is the case at the Γ-point of bulk GaAs and InAs (see Fig. 7 ). Here, the conduction band is made mostly of s-orbital states, whereas the holes are of p-orbital Effective anisotropy can be enhanced by crossing over from a bulk sample to nearly twodimensional semiconducting quantum well. Due to a finite size of the well, hole motion in the growth direction becomes quantized, and interplay of the reduced dimensionality with the p-state anisotropy of holes brings about many interesting effects, that have been a subject of active ongoing study. 27, 47, 48 Here, we will be interested only in the properties of the hole g-tensor and, for simplicity, will consider only field along the plane of the quantum well.
Level separation due to finite size of the well in the growth direction will be assumed to greatly exceed all the other relevant energy scales such as the spin-orbit gap ∆ 0 and the hole cyclotron frequencies.
Zeeman splitting of both the 'heavy holes' HH (J z = ±3/2 at momentum k = 0) and 'light holes' LH (J z = ±1/2 at k = 0) in magnetic field H arises 27 from the following two terms:
where µ B is the Bohr magneton, vector J = (J x , J y , J z ) is made of the 4 × 4 matrices of the angular momentum J = 3/2, and κ and q are parameters of the Luttinger Hamiltonian.
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Notice that the first term above is spherically symmetric, whereas the second term arises because the bulk symmetry is cubic rather than spherical. Accordingly, the coefficient κ is of the order of unity, whereas q tends to be small: in GaAs, κ ≈ 1.2 and q ≈ 0.04. 47 For light holes at k = 0, the first term in the Eq. (7) produces non-zero splitting proportional to κ; the light hole g-factor is thus of the order of unity. 50 By contrast, for heavy holes at the Γ-point δJ z = 3, and the first term of the Eq. (7) does not contribute to the Zeeman effect.
Zeeman splitting of heavy holes arises from the second term in the Eq. (7) and is small in the measure of q ≈ 0.04. 50 At non-zero k, admixture of J z = ±1/2 components to the heavy holes produces contributions to the g factor, proportional to k 2 , k 4 and so on:
where a is mostly defined by the characteristic width of the well in the growth direction, g 0 ∝ q is a constant, and g 2 (φ) and g 4 (φ) are functions of the momentum direction in the plane of the well. Secondly, in a quantum well Zeeman spin-orbit coupling appears on the background of a non-zero constant g-factor: one may divide the in-plane components of the g-tensor into a momentum-independent term g 0 = 0 and a momentum-dependent part δg(k), so that g(k) = g 0 + δg(k), with δg(0) = 0. The functional form of δg(k) and its scale relative to g 0 depend on the width of the well and its growth direction. In GaAs quantum wells, some studies have found δg(k) g 0 , 51 , while others 27,52,55 found the scales of δg(k) and g 0 to be comparable for most growth directions -and numerically small, with typical measured values of g in the plane being of the order of 10 −2 . 27,51,52,55 Notionally reducing δg(k) at a constant g 0 (for instance, by increasing the width of the quantum well), this picture can be continuously tuned to the textbook case of the constant momentum-independent g-tensor,
and Zeeman spin-orbit coupling can thus be "switched off". In a Néel antiferromagnet, symmetry-protected zeros of the transverse g-factor are qualitatively different: here g 0 = 0
while the characteristic scale of δg(k) is unity, and Zeeman spin-orbit coupling can be "switched off" only by destroying the Néel state.
Quantum wells grown in the high-symmetry direction [111] are an exception to the above.
Such wells are symmetric under 2π/3 rotation around the growth axis, whereas the second term in the Eq. (7) is not, and thus its Zeeman matrix elements vanish: in such a well, g 0 = 0 is protected by the symmetry of growth direction, just as in an antiferromagnet g 0 = 0 is protected by a hidden anti-unitary symmetry. 56 However, in contrast to an antiferromagnet, the momentum-dependent part δg(k) in GaAs is still small compared with unity. Much greater bulk g-factor (g ≈ 15) makes InAs quantum wells promising in this regard.
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Thirdly, III-V semiconductors of zinc-blende structure lack inversion center. Therefore, in a generic quantum well, both HH and LH bands are split by Dresselhaus and Rashba spin-orbit couplings. 58, 59 This splitting may be significant, thus obscuring the Zeeman effect Another closely related and very interesting development involves non-symmorphic magnetic crystals 61, 62 , that may give rise to degeneracies akin to those described above -and, therefore, to some of the similar effects. So far explored very little, this direction may bring some positive surprises.
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